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We observe “ghost” islands formed on terraces during homoepitaxial nucleation of GaN. We attribute
the ghost islands to intermediate nucleation states, which can be driven into “normal” islands by scanning
tunneling microscopy. The formation of ghost islands is related to excess Ga atoms on the surface.
The excess Ga also affect island number density: by increasing Ga coverage, the island density first
decreases, reaching a minimum at about 1 monolayer (ML) Ga and then increases rapidly for coverages
above 1 ML. This nonmonotonic behavior points to a surfactant effect of the Ga atoms.
PACS numbers: 68.55.–a, 61.16.Ch, 68.35.Bs, 81.10.–hThe growth of GaN films has attracted much attention
because of applications that this material has in fabricating
intense blue/green light emitting diodes, lasers, and high
temperature/power electronic devices [1–3]. However, un-
til recently, little is known of the microscopic details of
the growth process. Recent experiments have shown that
for the Ga-terminated face, i.e., GaN (0001), the “1 3 1”
surface is terminated by up to 2 monolayers (ML) of Ga
adatoms beyond the last bilayer. The top-layer excess Ga
atoms are thought to exist in a completely disordered, fluid
phase [4]. It has also been established that film growth un-
der excess-Ga conditions generally results in better quality
films with a smoother surface morphology. Thus, it seems
that the excess Ga atoms on the surface of a film play an
important, if not fully understood, role in affecting the mi-
croscopic processes governing growth.
The purpose of this Letter is to report a novel observa-
tion of an intermediate nucleation state occurring at the
surface of the film. Using scanning tunneling microscopy
(STM) to study GaN (0001) films grown by molecular
beam epitaxy (MBE), we observe “ghost” islands on
surfaces grown under excess Ga conditions. The ghost
islands can be irreversibly driven into normal islands by
simply continuous imaging or altering scanning voltage of
the STM (at no time does the tip touch the sample). Thus,
we associate the ghost islands to a metastable, interme-
diate nucleation state of the surface. We further establish
that the ghost islands appear only when there are excess
Ga atoms on the surface. An increase in N deposition
changes the ghost islands into normal islands. Details of
the experimental conditions and these observations are
given below.
A second set of observations is that the island number
density during growth depends sensitively on the amount
of excess Ga atoms on the surface. The island density first
decreases with increasing excess Ga coverage, up to 1 ML.
This indicates that in the less than 1 ML regime, excess
Ga atoms enhance diffusion of the arriving N atoms. How-2352 0031-90070085(11)2352(4)$15.00ever, at excess Ga coverages greater than 1 ML, the island
density rapidly increases. This result suggests a surfactant-
mediated growth process. Surfactant-mediated growth is
a recently discovered phenomenon where the growth
mode can be changed from three-dimensional (3D) is-
landing to 2D layer-by-layer growth [5,6]. It is achieved
by depositing on a substrate 1 ML or more of a third
material, different from the substrate and the epilayer.
During growth, this third material or “surfactant layer”
will decrease the surface energy and thus float on top
through an exchange action between atoms of the surfac-
tant layer and the deposit. The presence of a surfactant
layer on the surface can change the growth kinetics
from the traditional diffusion-limited process [7,8] to an
exchange reaction-limited process [9–11]. Consequently,
it leads to very different growth behaviors, one of which is
an increase in the island number density. However, unlike
the conventional surfactant-mediated growth, the new
observation here is that the surfactant is itself a constituent
component of the GaN film. This novel process has the
advantage of improving a film’s quality during growth but
avoiding undesirable incorporation of foreign (surfactant)
atoms in the film.
The experiments are conducted in a multifunctional ul-
trahigh vacuum system containing, among other intercon-
nected chambers, an MBE reactor and an STM system.
The MBE chamber consisted of an effusive cell for Ga
source and a radiofrequency plasma generator (Oxford Ap-
plied Research, CARS-25) for N. Prior to GaN deposition
at low temperatures, a thick GaN buffer layer is first grown
on a SiC(0001) substrate at 650 ±C under the excess-Ga
condition. The buffer layer grown under such conditions
has atomically flat surfaces with relatively large terraces.
The film has the Ga polarity as judged by surface recon-
struction observations [12,13]. The buffer layer growth
is interrupted by closing the source shutters, and the sub-
strate temperature is lowered to 400 500 ±C, conditions
which promote 2D island nucleation [12] due to reduced© 2000 The American Physical Society
VOLUME 85, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 11 SEPTEMBER 2000diffusion length of adatoms on the surface. GaN growth
is reinitiated at the low temperatures for a specified period
before the sample is thermally quenched and transferred to
the STM chamber for analysis. Room temperature STM
experiments are carried out at a tunneling current of 0.1 nA
and a sample bias of 23.0 V, unless stated otherwise.
Figure 1(a) shows a typical STM image of the sur-
face following growth under excess Ga conditions and
at low temperatures. It is seen that triangularly shaped
islands populate the terraces of the buffer layer. The
faster growth speeds of double-bonded bilayer edges ver-
sus single-bonded bilayer edges result in the triangularly
shaped islands, as explained in an earlier paper [14]. Mea-
surements of height differences by STM confirm that the
terraces have single bilayer height differences and the tri-
angular islands have single bilayer heights on the terraces
themselves. What is surprising in Fig. 1(a) is the pres-
ence of ghost islands having low STM contrasts, espe-
cially in the interior of the islands. The ghost islands have
the triangular shape, with the inside appearing “hollow”
and surrounded by bright frames. Moreover, the ghost
FIG. 1. STM images of GaN surface (a) immediately after
the growth; (b) after reversing the gap voltage to 12.5 V; and
(c) after restoring the original scanning condition as used in (a).
The image sizes are 135 nm 3 75 nm for all three images.islands can be converted into normal, bilayer-height is-
lands following continuous STM imaging with or with-
out altering the imaging conditions. An example showing
the converted islands by simply changing the sample-tip
voltage is presented in Fig. 1(b). There is a clear one-
to-one correspondence between the ghost and “normal”
islands. The converted normal islands have the same is-
land height (1 bilayer) and the distinct triangular shape. It
is further found that island conversion is irreversible; i.e.,
once a ghost island has been converted to a normal island,
it will remain normal and cannot be changed back to a
ghost through STM imaging. An STM image of the same
surface obtained immediately after Fig. 1(b) but using the
same imaging voltage as in Fig. 1(a) is shown in Fig. 1(c).
In Figs. 1(b) and 1(c), some ghost islands have not yet
been converted. However, with additional STM scanning,
all ghost islands will be eventually converted into normal
islands.
Since the normal and ghost islands are both present and
randomly scattered in an STM image, we cannot attribute
the ghosts to an STM artifact, although the scanning can
induce a conversion as demonstrated in Figs. 1(a)–1(c).
Further experiments show that lowering the growth
temperature and increasing Ga coverage will increase the
population of ghost islands. Another interesting finding
is that when growth is under the stoichiometric or excess
N condition, only normal islands are observed by STM.
Thus, we believe that the ghost islands are real surface
features related to the presence of excess Ga atoms on
the surface. Because of the one-to-one correspondence
between ghost and normal islands and the irreversible
conversion demonstrated above, we suggest that the ghost
islands probably correspond to an intermediate nucleation
state involving Ga atoms. This intermediate nucleation
state is converted to a normal state by STM scanning. We
now report experimental observations which suggest that
the ghost islands play an important role in the growth
kinetics of GaN films.
To show this, we have conducted a series of experiments
in which Ga and N are deposited alternately rather than at
the same time. The same procedure, known as “atomic
layer epitaxy,” has been used to study the growth of II-VI
compounds [15]. Figure 2 shows STM images of surfaces
following different N exposures but having the same ex-
cess Ga coverage. The starting surfaces are prepared by
growing thick GaN buffer films under the identical excess
Ga condition and for the same time interval. It is interest-
ing to observe that following a 0.14 ML deposition of N,
the surface shows sizable islands; some are normal while
most others are mixtures of normal islands formed inside
“ghostlike” triangles [Fig. 2(a)]. By increasing the N ex-
posure to 0.3 ML, almost all the islands are normal, as
shown in Fig. 2(b). Further increase of the N exposure
produces little change in the characteristics of the islands
compared to that of Fig. 2(b), including the island areal
density. Figures 2(c) and 2(d) are close-up STM images2353
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surfaces to N for (a) 0.14 ML and (b) 0.30 ML at 450 ±C. The
image sizes are 200 nm 3 200 nm. (c),(d) Close-up images
40 nm 3 40 nm of the surface similar to (a) showing mor-
phological features of partially converted islands.
of a surface similar to Fig. 2(a), which show detailed mor-
phological features of the partially converted islands. In
Fig. 2(c), converted normal islands are seen residing in
a large triangular area partially bordered by voids. The
islands appear fragmented. If the normal islands in the tri-
angular areas are formed by converting a triangular ghost
seen in Fig. 1(a), then Fig. 2(c) suggests a conversion pro-
cess which occurs in parts rather than as a whole for the
ghost island. These observations indicate possibly differ-
ent mechanisms between the conversion of ghost to normal
islands by STM scanning versus N deposition. Figure 2(d)
shows another morphological feature of the N-deposition
converted islands. The fractal-like normal island becomes
dominant when the rate of deposition is lowered, in agree-
ment with recent kinetic Monte Carlo (KMC) simulations
when an exchange process between surfactant and deposit
is considered [11].
Figure 3 shows a series of STM images of surfaces fol-
lowing various Ga depositions but at the same N expo-
sure. To achieve this, we first prepare GaN buffer films (at
650 ±C) under the stoichiometric condition [12], followed
by deposition of different amounts of Ga from the Knud-
sen cell at low sample temperatures 400 500 ±C. The
surfaces are then exposed to a fixed amount (0.25 ML)
of N before thermal quenching for STM analysis. Fig-
ures 3(a)–3(d) show the resulting surfaces for Ga cov-
erages of 0.4, 1.0, 1.5, and 3 ML, respectively. Several
distinct features are revealed: (1) For a Ga coverage of less
than 1 ML [Fig. 3(a)], the majority of islands appear nor-
mal, which contrasts the situation where the Ga coverage is2354FIG. 3. STM images of GaN surfaces after depositing
(a) 0.4 ML, (b) 1 ML, (c) 1.5 ML, and (d) 3 ML Ga and
followed by 0.25 ML deposition of N at 450 ±C. The image
sizes are 200 nm 3 200 nm for all images.
above 1 ML, with most islands being either ghosts or par-
tially converted normal-ghost mixtures [Figs. 3(b)–3(d)].
(2) As the Ga coverage increases, the island density first
decreases, reaching a minimum at about the 1 ML cover-
age. After that, the island density increases at a rapid rate
and saturates when the coverage is about 2 ML. The island
density versus excess Ga coverage is plotted in Fig. 4. Fea-
ture (1) is consistent with the observation made in Figs. 1
and 2; i.e., ghost and normal-ghost mixed islands form
only where there is excess Ga on the surface. Feature (2)
shows that the excess Ga atoms behave as a surfactant that
has a profound effect on nucleation.
FIG. 4. Island density dependence on excess Ga coverage. The
island densities (filled circles) are calculated according to 1l2,
where l is the island-island distance away from the region near
the surface steps, therefore, excluding the effect of steps on
nucleation. The error bars represent standard deviation of the
mean, while the solid line is drawn to guide the eye.
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surfactant-mediated growth have indicated modifications
to classical nucleation theory [7,8]. The surfactant atoms
can block surface reaction sites; therefore, nucleation
invokes site exchange action between the deposited and
surfactant atoms. The exchange action requires overcom-
ing an energy barrier leading to grossly different island
density distribution, as well as novel island shape transi-
tion from fractal to compact [10,11]. Our observations of
triangularly shaped ghost islands and fractal-like normal
or mixed islands are thus consistent with such predictions.
It can be inferred that excess Ga atoms on a GaN surface
act as surfactants for epitaxial growth. Indeed, it has
been observed that up to 2 ML of Ga exist and wet the
surface of SiC substrates [16] and GaN epifilms [4]. In
order for GaN epitaxy to proceed, the incoming N atoms
must exchange sites with the surfactant Ga atoms. Such
an exchange can be hindered at low temperatures by an
exchange barrier. According to this scenario, when the
surfactant Ga layer is less than a certain coverage, the
deposited N atoms can easily “see” the GaN surface and
growth proceeds without invoking site-exchange action.
Classical nucleation theory applies and the presence of
excess surface Ga atoms enhances surface diffusion, lead-
ing to fewer islands being nucleated in this regime. This
explains the initial decrease of island density versus Ga
coverage up to this critical value. When the Ga coverage
is above the critical value, the GaN surface becomes fully
“hidden” and the nucleation is limited by a “surfactant-
deposit” exchange rate. This manifests in an increase in
the island density, as shown in Fig. 4. The increase is
explained by the fact that already-nucleated islands may
not effectively trap the surface diffusing adatoms, because
of the exchange barrier. Adatoms then have more chances
to form new islands near preexisting islands. As suggested
by Kandel [9], adatoms do not see the step edges of an
existing island for incorporation; therefore, they nucleate
new islands on the terraces, resulting in more islands.
From Fig. 4, the critical coverage is about 1 ML, although
the exact value is not accurately determined due to the
lack of data points between 0.5–1 ML.
To summarize, nucleation of GaN during MBE growth
shows a novel behavior under the excess Ga growth con-
dition. STM images show ghost islands and these are at-
tributed to an intermediate nucleation state. The overall
island density is found to depend critically on the surface
Ga coverage. The results point to a surfactant effect of
the excess Ga atoms. Depending on the coverage, the ki-
netics are different: at less than 1 ML coverage, classical
nucleation theory applies; however, above 1 ML, exchange
and incorporation rates of adatoms limit growth. The tworegimes result in a nonmonotonic behavior of the island
density versus Ga coverage. From a practical viewpoint,
the surfactant effect of Ga atoms may be utilized to better
control growth, thereby improving the films’ quality. How-
ever, unlike traditional surfactant-mediated growth, where
a third material is added to the growing surface, Ga is a
constituent component of GaN, thus having the added ad-
vantage of avoiding contamination by surfactant atoms in
films. Finally, we point out that at high temperatures of
MBE, the growth mode becomes step-flow and the sur-
factant effect observed at low temperatures becomes less
evident.
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